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' Methods are provided for the fabrication of hydrophilic coatings on hydrophobic surfaces. In one embodiment, a polyeihylene oxide 
(PEO) coating is fabricated on the surface of a polymeric material by contacting the surface with a methacrylic acid or acrylic acid monomer. 
The monomer first is reacted, for example by irradiation with an electron beam, to polymerize and covalently attach the monomer to the 
surface, to improve the hydrophilicity of the polymeric material. A coaling of PEO molecules is subsequently attached to the polymer 
surface by hydrogen bond complexation. The PEO coaling then may be covalently grafted onto the surface, for example, by irradiation 
grafting with an electron beam. The covalent grafting of a coating of the methacrylic or acrylic monomers to the surface greatly improves 
the wettability of the surface, and facilitates the covalent or non-covalent attachment of a coating of PEO to the polymer surface. Thus, 
hydrophilic PEO coatings can bt fabricated on hydrophobic polymer surfaces, to improve the biocompaiibility and other properties of the 
polymer surfaces. 



FOR THE PURPOSES OF INFORMATION ONLY 



applicatS^^ndeMte Pct''^' ."'"^ """^ °" ^'^^ °' "''"P'""^ P"''"'"''"^ '"'-'"a.ional 



AM 


Armenia 


GB 


AT 


Austria 


GE 


At 


A astral ia 


CN 


BB 


Barbados 


GK 


BE 


Belgium 


MU 


BF 


Buriina Faso 


IE 


BG 


Bulgaria 


IT 


BJ 


Benin 


JP 


BR 


Bruil 


KE 


BY 


Belarus 


KG 


CA 


Canada 


KP 


CF 


Ccniral African Republic 


CC 


Congo 


KR 


CH 


SwiiTcrland 


KZ 


CI 


Cflic d'lvoiit 


LI 


CM 


Camcroofi 


LK 


CN 


China 


LR 


CS 


Cicchoslovakia 


LT 


C7 


Cxech Republtr 


LU 


DE 


Germany 


LV 


DK 


Denmark 


MC 


EE 


Estonia 


MD 


E5 


Spain 


MG 


Fl 


FinUnd 


ML 


FK 


France 


MN 


GA 


Gabon 


MR 



United Kingdom 

Gcor:gia 

Guinea 

Greece 

Hungar> 

Ireland 

Ilaly 

Japan 

Kenya 

Kyrgysian 

Dcmocrattc People's Republic 
of Korea 

Republic of Korea 

Kazakhstan 

Liechtenstein 

Sri Lanka 

Liberia 

Lithuania 

Luxembourg 

Latvia 

Monaco 

Republic of Moldova 

Madagascar 

Mali 

Mongolia 
Mauritania 



MW 


Malawi 


MX 


Mexico 


NE 


Niger 


NL 


Netherlands 


NO 


Nwway 


N2 


New Zealand 


PL 


Poland 


PT 


Ponugal 


RO 


Romania 


RU 


Russian Federation 


SD 


Sudan 


SE 


Sweden 


SG 


Singapore 


SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


sz 


Swaziland 


TD 


Chad 


TG 


Togo 


TJ 


Tajikistan 


TT 


Trinidad and Tobago 


UA 


Ukraint 


UC 


Uganda 


us 


United States of America 


uz 


Uzbek isi an 


VN 


Viet Nam 



wo 97/18904 



»>CTAJS96/17790 



POLY (ETHYLENE OXIDE) COATED SUEFACES 

Background of the Invention 

The present invemion is generally in the area of the fabrication of 
po]y(ethylene oxide) ("PEG") coatings on surfaces. 
5 PEO is a polymer which has many unique propenies. It is 

soluble in a wide variety of solvents including water, benzene and 
tetrahydrofuran. In organic solvents, it solvates the monovalent metal 
ions, Li"", and Na"". PEO is unusual in its lack of interaction with 
biological matter and can provide an inert surface in certain biological 

10 applications. Merrill, E.W., 7. Biomat. Sci, Polymer Edn. , 5:1-11 

(1993). PEO is an imponant biomaterial because it is non-thrombogenic, 
i.e., it does not adsorb proteins of the intrinsic clotting system, and 
platelets do not adhere to it. 

PEO star-shaped macromolecules are available which have many 

15 PEO chains or "arms" connected to a central body which is called the 
core. PEO star macromolecules can be synthesized, for example, by a 
living anionic polymerization using a divinylbenzene (DVB) core. 
Gnanou et al., MakromoL Chemie, 189:2885-2892 (1988); and Merrill, 7. 
Biomaier. Sci. Polymer Edn., 5:1-11 (1993). 

20 There has been recent interest focused on the development of 

methods for coating surfaces with PEO. A PEO surface coating is ver>' 
useful in blood-contacting devices, such as tubes and catheters, and 
products intended for diagnostic use, because such surfaces have the least 
non-specific binding to proteins and other biopolymers of any known 

25 synthetic polymer. Thus, the use of PEO coalings permits blood clotting 
to be minimized, and diagnostic assays to be improved. 

A major problem has been the development of a thin, dense layers 
of PEO to cover support materials such as hard plastics, such as 
polyethylene terephthalaie ("PETE") or flexible materials, such as silicone 

30 rubber and segmented polyurethane. 
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U.S. Paieni Nos. 5.171.264 and 5.275.838 lo Merrill disclose thai 
a water solution of PEO, either linear or in siar form, can be cross-linked 
by electron irradiation to forni a hydrogel layer. The hydrogel has a 
thickness ranging down to about 0.5 mm, which is not strongly attached 
to the supporting material and rather easily sheared off. Upon attachment 
of affinity ligands to the hydrogels, the surfaces can be used for 
separating and purifying therapeutic proteins. 

Alternatively, PEO polymers can be attached to surfaces by 
hydroxyl group activation followed by chemical coupling. The teiroinal 
hydroxyl groups of the PEO molecule can chemically activated, for 
example, by iresyi chloride, and then attached to a surface which contains 
appropriate reactive groups, e.g., amino or thiol. U.S. Patem Nos. 
5,171,264 and 5,275,838 to Merrill. There are, however, problems 
associated with this route. It is difficult to prepare stable surfaces having 
amino or thiol groups, and some procedures result in degradation of the 
surface to the extent that it can be readily washed off, thus providing no 
anchor for the PEO. Additionally, it is very difficult to implam linear 
PEO molecules on surfaces via this route with sufficient density to 
prevent the adsoiption of biopolymers. 

There is a need for methods for improving the hydrophilicity of 
hydrophobic polymer surfaces, while still maintaining the physical 
properties of the hydrophobic polymers. There is ftirther a need for the 
development of methods for forming biocompatible coatings on surfaces. 
There ftirther is a need for methods for producing hydrophilic coatings on 
surfaces to improve the biocompatibility of the surfaces, wherein the 
coalings can be readily derivatized by the attachmem of biological 
molecules to the coating. 

It is therefore an object of the invention to provide methods for the 
production of hydrophilic coatings on hydrophobic polymers. It is a 
further object of the invention to provide hydrophilic coatings on surfaces, 
such as PEO coatings, which reduce non-specific binding to the surfaces. 
It is still another object of the invention to provide methods for fabricating 
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coatings on surfaces which can be readily derivaiized by the atiachmenl of 
biological molecules for use in a variety of biomedical applications. 



Summary of the Invention 

Methods are provided for the fabrication of hydrophilic coatings 

5 on hydrophobic surfaces. In one embodiment, a poly (ethylene oxide) 
("PEO") coaling is fabricated on the surface of a hydrophobic polymeric 
material by contacting the surface with a monomer comprising an 
unsaturated group, such as methacrylic acid or acrylic acid. The 
rr.onomer then is reacted, for example by irradiation with an electron 

10 beam, lo-polymerize and, as a polymer, to be covalently attached to the 
surface. A coating of PEO molecules then may be attached to the 
polymer surface by hydrogen bond complexation. The PEO coating 
optionally may be covalently grafted onto the surface, for example, by 
irradiation grafting with an electron beam. The covalent polymerization 

15 and grafting of a coating of the monomers to the surface greatly improves 
the wettability of the surface, and also facilitates the covalent or non- 
covalent attachment of a coating of PEO to the hydrophobic polymer 
surface. Thus, hydrophilic PEO coatings can be fabricated on 
hydrophobic polymer surfaces, to improve the biocompatibiliiy and other 

20 properties of the polymers, and to provide coaled polymers which can be 
used in a variety of different applications. 

Detailed Description of the Invention 

Methods for the fabrication of hydrophilic coalings on hydrophobic 
surfaces are provided. In one embodiment, a monomer comprising an 

25 unsaturated group is grafted onto the surface, for example, by irradiation 
with an electron beam, to produce a polymer surface with improved 
wettability properties. A poly (ethylene oxide) coating then is attached to 
the treated surface by hydrogen bond complexation. The poly(eihylene 
oxide) coating then optionally may be covalently grafted onto the surface, 

30 for example, by electron beam irradiation. The poly(ethylene oxide) 
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coat.no, unprove the biocompatibili.y and hyd^oph.licit^. of the polymer 
surface. The surfaces may be further reacted, for example, bv the 
attachment of a biologically active molecule, such as protein, to the 
surface. The polymer surfaces thus may be derivatized for use in a wide 
variety of biomedical applications. 
Glossary of Terms 

The following abbreviations are defined so that their use in this 
application is unambiguous: 



Table 1 : Definition of Abbreviations 

Abbreviation Definition 



MA 

PMA 

AA 

PAA 

NVP 

PVP 

HEMA 

PHEMA 

PVC 

PVCAC 

PES 

PS 

PMMA 
PE 

PE-UHMW 
LDPE 
PEG 
PEO 

STAR PEO 



SPU 



PDMS 

PVdjF; 



methacrylic acid (monomer) 

poly(methaci7lic acid) 

acrylic acid (monomer) 

poly(acr>'lic acid) 

n-vinyl pyrrolidone (monomer) 

poly(n-vinyl pyrrolidone) 

hydroxyethyl methacrylate (monomer) 

poly(hydroxe%i methacrylate) 

poly(vinyl chloride) 

poly(vinyl chloride-co-vinyl acetate) 

poly(ether sulfone) 

polystyrene 

poly(methyl methacrylate) 
polyethylene 

polyethylene, ultrahigh molecular weight 

low density polyethylene 

poly(ethylene glycol) 

linear poly (ethylene oxide) 

multi-armed molecule, with a central core 

and multiple PEO chains extending from the 

central core, wherein the PEO chains have 

hydroxyl temini 

segmented polyurethane or 

poly(urethane-urea) 

poIy(dimethyl siioxane) 

poly(vinylidene fluoride) 
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Monomers 

Monomers comprising an unsaiurated group, such as methacrylic 
acid or acrylic acid, can be grafted onto hydrophobic polymer surfaces to 
improve the hydrophilicity of the surfaces. Grafting of the monomers to 

5 the hydrophobic surfaces greatly improves the wettability properties of the 
surfaces, and permits the attachment of other polymers to the surfaces, to 
further improve the hydrophilicity, or other properties of the polymer 
surfaces. In one embodiment, the monomer is anached to the surface by 
irradiating the monomer on the surface with an electron beam, to cause 

10 polymerization and covalent attachment of the polymerized monomer on 
the surface as coating. 

Monomers comprising an unsaturated group available in the art 
can be used which are capable of reacting with a hydrophobic polymer 
surface, to enhance the hydrophilicity of the surface, for example, by 

15 irradiation of the surface in contact with the monomer with an electron 
beam. Suitable monomers include: methacrylic acid and monovalent 
metal salts thereof, methacryloyl chloride, acrylic acid and monovalent 
salts thereof, acryloyl chloride, hydroxyethyl methacrylate, glycidyl 
methacrylate, hydroxyethyl acrylate, and hydroxypropyl acrylate. 

20 When glycidyl methacrylate is used, the glycidyl ring must be 

opened to yield 1,2-dihydroxypropyl methacrylate. When acid chlorides 
are used, they must be hydrolyzed to the free acid. When monovalent 
metal salts of the acids are used, they must be converted to the free acid 
by rinsing with acidified water, prior to exposure to PEO. In one 

25 preferred embodiment, the monomer is methacrylic acid. The covalent 
grafting of methacrylic acid to hydrophobic polymer surfaces as disclosed 
herein greatly improves the hydrophilicity of the polymer surface, and 
provides a surface which can readily adsorb PEO, PEG, and Star PEO. 
In one embodiment, the surface first is contacted with a water 

30 solution of a monomer, such as methacrylic acid, at a concentration of, 
for example, about 5-90% (w/v) in water for example, by immersing or 
spraying the surface. The wet surface then is exposed to electron beam 
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irradiation on the order of about ] to 10 megarads, to poJvmenze the 
monomer and covalentJy graft some of the polymer to the surface. 
During the reaction, the monomers polymerize, fonnmg at least some 
polymer chains grafted to the suppon. The reaction conditions, including 
monomer concentration, and the dose of electron beam iiradiation can be 
selected and optimized depending on the polymer and monomers used. 

In one example of the procedure, a substrate material including a 
hydrophobic polymer surface of, for example, polystyrene, polyethylene 
or poly(methyl methacrylate) is immersed in a shallow aqueous solution 
of 10 to 20% (w/v) ("weight/vorume") methactylic acid. Alternatively 
the surface can be sprayed with the monomer solution, ihe substrate in 
solution then is exposed to an electron beam for a total dosage of about 2- 
4 megarads, thereby polymerizing and grafting the methaciylic acid to the 
substrate surface, to make the surface more hydrophilic. 

The conditions may vary depending on the polymers and 
monomers used. For example, for poly(methyl methacrylate) ("PMMA") 
substrate surfaces, the use of about 10% -20% (w/v) methaciylic acid 
("MA") and a total dose of about 4 megarads is preferred. For 
polystyrene surfaces, about a 20% (w/v) concentration of MA and a total 
dose of about 4 megarads is preferred, and for polyethylene, a total dose 
of about 2-4 megarads and about 20% MA (w/v) can be used. The 
surface then may be washed with water at a pH less than or equal to 
about 7 to remove unbound MA and unbound polymerized MA. The 
methactylic acid treated surfaces are highly wettable. holding a film of 
water on the surface. The appropriate conditions can be optimized for the 
polymer and monomer utilized. Using the method, the hydrophobic 
surfaces can be reacted with the monomers to form hydrophilic surfaces 
which have excellem, highly improved wettability. 

Hydroxyethyl methacrylate (HEMA) also can be used, and can be 
grafted to hydrophobic polymers, to form a wettable surface, capable of 
binding hydrophilic polymers such as PEO molecules. HEMA can be 
radiation grafted, for example, onto polyethylene and polyvinylchloride 
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acetaie copolymer surfaces. After radiation, HEMA forms a viscous 
syrup, ultimately a gel, which is difficult to remove. Once removed by 
vigorous rubbing, ihe v^etiable surfaces avidly bind polyethylene oxide. 
In contrast, the use of methacrylic acid in water solution after extensive 
5 irradiation produces a polymer of low molecular weight which does not 
gel. It is possible to utilize undiluted monomer if the radiation dose is 
kept low, or the dose rate is kept low. Water solutions are preferred 
because undiluted monomer, particularly the acrylates, can undergo rapid 
highly exothermic reaction, leading to gelation and the formation of a 

10 lightly adherent gel layer on the hydrophobic polymer. 

Other monomers which can be used include N-vinyl pyrrolidone, 
which renders some surfaces, such as PMMA wettable, but does not 
readily adsorb PEO. Acrylic acid is not very effective alone but can be 
used in combination with other effective monomers such as methacrylic 

15 acid. Acr>'lic acid in 50% solution in water, and undiluted, grafts to 
polyethylene after irradiation but forms a tenacious gel, so that the 
radiation dose must be very carefully regulated in order to achieve a 
smooth surface. 

Polymer Surfaces 

20 Any of a wide range of hydrophobic surfaces can be used which 

are capable of being grafted with monomers as disclosed herein, to 
improve the hydrophilicity of the polymer. Hydrophobic polymer 
surfaces which are generally very difficult to render hydrophilic can be 
rendered wettable. Exemplary polymer surfaces include polyalkylenes, 

25 such as polypropylene or polyethylene; polyarylalkylenes such as 

polystyrene; polyvinyls, such as poly( vinyl chloride) or poly(vinylidene 
fluoride); polyalkylacrylates, such as poly(methyl methacrylate), and 
poly (alky lene terephthalates), such as poly(ethylene terephthalate). Other 
exemplary polymer surfaces include polydiolefms, polysiloxanes, and 

30 flexible materials such as natural rubber, styrene-butadiene rubber, 
silicone rubber and polyurethanes including segmented polyurethane. 
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For example, polystyrene, polymethyl(meihacn'late), poly(ethylene 
terephthalaie) poly(viny] chloride), poly(vjnylidene fluoride), 
polyethyJene. and polypropylene surfaces can be rendered water-wettable, 
and can be subsequently reacted to form a PEO coating, by covalently 
reacting monomers such as methacrylic acid with the surface by electron 
beam irradiation. Exemplary polyethylene polymers include low density, 
high density, and ultra high molecular weight polyethylene, as well as 
polyethylene copolymers. Other exemplary polymers include 
polybutadiene, synthetic polyisoprene, copolymers of butadiene and 
isoprene, and plasticized polyvinyl chloride! 
Poly(EthyIene Oxide) Coalings 

After the polymer surface has been reacted with the monomer by, 
for example, irradiation with an electron beam, a poly(ethylene oxide) 
coating may be attached to the surface either covalently or non- 
covalently. As used herein, the term ■•poly(ethylene oxide)" includes 
polymeric ethylene glycols such as PEO, PEG, and star PEO. In one 
embodimem, after reaction of the monomer with the polymer surface, 
poly(ethylene oxide) molecules are adsorbed to the surface to form a 
coating by hydrogen bonding to the hydrogen bond donor of the 
previously grafted monomer. In another embodiment, optionally, the 
PEO coating then may be covalently attached to the surface, for example, 
by irradiation with an electron beam. 

Any of a variety of PEO polymers available in the an can be 
complexed with the grafted surface. For example, linear PEO or PEG 
with a molecular weight between about 1 .000 to 5,000,000 daltons or 
more, may be used. Additionally, PEO star-shaped macromolecules may 
be used, for example, with a molecular weight of about 30,000 to 
3,000,000 daltons. Star PEO molecules include a plurality of 
poly(ethylene oxide) arms connected to common small core, each arm 
having a hydroxy! at outer end. In this embodiment, PEO star-shaped 
macromolecules with a poly 1 ,2-butadiene dendritic core are formed via 
the living anionic polymerization reaction of a poly 1,2-butadiene of 
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narrow molecular weight distribuiion with ethylene oxide. The PEO star- 
shaped polymers produced are nearly monodisperse, have a subsiantially 
uniform number of PEO chains, and do not vary subsiantially in 
molecular weight. 

If the surface has been rendered hydrophilic by grafting the 
monovalent metal salts of meihacrylic acid or acrylic acid, the carboxylic 
acid must be restored by washing the surface with dilute acid (pH around 
3 or lower). This step is not necessary if the acid forms of the monomers 
are used. If the acid chloride form of the monomer is used, the surface 
so treated would be washed with water to hydrolyze the acid chloride to 
the free carboxylic acid. The PEO solution can be applied by, for 
example, inmiersing the surface or spraying the solution. In one 
exemplary procedure, linear PEO with a molecular weight of 35,000 
daltons is complexed to a MA treated polystyrene or MA treated PMMA 
surface by soaking the polymer in an aqueous solution containing about 
5% (w/v) PEO for about 5 minutes. This causes the PEO to strongly 
complex by hydrogen bonding to the grafted surface. The surface 
optionally then is washed with deionized water, to remove any non- 
complexed PEO. This produces a surface with a coating of linear PEO 
bound by hydrogen bonding to the surface. The wet PEO coating on the 
complexed surface then may be covalently anached to the surface by, for 
example, exposure to electron beam irradiation, for example on the order 
of about 2-5 megarads. The covalent attachment of the PEO can occur 
via the radical reaction of the complexed PEO with the treated surface. 
In addition to covalent bonding of PEO to the surface, cross-linking of the 
PEO molecules can occur. The hydrogen bonding between the treated 
surface and the PEO permits the close association of the PEO to the 
surface, such that a high concentration of PEO molecules can be 
covalently grafted to the substrate surface, which has not been previously 
easily accomplished. 

The thickness of the poly(eihylene oxide) coating may be readily 
controlled. For example, PEO coatings ranging from monolayers, of tens 
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of nanometers ,n thickness. ,o multilayers on the order of 0.1 ,o 100 
in thickness while wet can be formed. For example, in one embodiment 
to fonn a thin, substantially monolayer of poiy(ethylene oxide) on the 
grafted surface, the grafted polymer surface is contacted with 
5 poly(ethylene oxide) molecules, to adsorb the poiy(ethylene oxide) 

molecules to the surface. Poly(ethylene oxide) molecules which are not 
adsorbed to the surface are then removed, for example by rinsing with 
water, to leave essentially a monolayer of poly(ethylene oxide) molecules 
adsorbed on the surface, which then is covalemly grafted to the surface 
.0 form a thin coating, essentially a monolayer of the poly(ethylene) oxide 
on the surface. The poiy(ethylene oxide) can be in the form of PEG and 
star PEO as well as the higher molecular weight PEO. 

In an alternative embodiment, the surface is contacted with a 
solution of poly(ethylene oxide) molecules, thereby to adsorb the 
poly(ethylene oxide) molecules to the surface, and then a thin layer of the 
poly(ethylene oxide) solution is left on the surface by draining the solution 
from the surface, but not rinsing it. to leave a multilayer of poIy(ethylene 
oxide) molecules on the surface. The poIy(ethylene oxide) molecules then 
are grafted to the surface, to form a thin multilayer film of poly(ethylene 
oxide) on the surface, for example on the order of about 0.1 to 100 
thick while wet. The slippet^ness of the multilayer film can be enhanced 
by using a high molecular weight poly(ethylene oxide), such as PEO with 
a molecular weight of one million or more. 

The poly(ethylene oxide) coating preferably is covalently attached 
to the surface, after grafting of the monomer, by irradiation grafting with 
an electron beam. In one embodiment, gas permeable hard contact lenses 
can be derivaiized w,th a covalent PEO coating using the method, to 
improve the wettability of the lenses. Gas permeable hard contact lenses 
such as the Boston lens, manufacnired by Polymer Technology 
Corporation, can be coated. In this embodiment, the gas peiTneable hard 
contact lens surface is preferably first reacted electron beam irradiation 
with methacrylic acid monomers, to improve the hydrophilicity of the 
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surface, and ihen PEO, for example of molecular weight 1,000,000, is 
grafted onto the treated surface by irradiation of a thin layer of its 
solution in water with an electron beam as described herein. 

Covalent PEO coatings can be fabricated which essentially 
5 completely cover the surface. For example, coatings of linear PEO of 
35,000 mol. wt. on PETE and PMMA suppon surfaces can be obtained 
wherein, by electron spectroscopy for chemical analysis ("ESCA"), using 
an X-ray photoelectron spectrometer, the top 30A to 50A of the coating 
detected is only PEO. The PEO coated materials obtained are readily wet 

10 by water and hold a film of water tenaciously. Additionally, the 

concentration of hydroxyl ends of the PEO on the surface, which can be 
used to anchor or attach to biological molecules, is very high. 
Derivatization of Poly(E(hylene Oxide) Coatings 
The poly(ethylene oxide) coatings, such as PEO star coatings, 

15 prevent non-specific binding of biopolymers and advantageously can be 
further derivatized, to improve the biocompatibility or specific binding 
properties of the polymer. The PEO chains in the polymer coating on the 
surface may be derivatized, for example, by attachment of a biomolecule 
or polymer thereof to the free hydroxyl groups at the termini of the PEO 

20 chains. The PEO arms on the PEO star molecules used to form the 

coating can serve as a molecular "leash" for biological molecules, such as 
antibodies, enzymes and growth factors. 

Any of a range of biological molecules, such as nucleic acids, 
amino acids, saccharides or polymers thereof may be attached to the PEO 

25 chains of the linear or star PEO polymers bound non-covalently or 

covalently to a polymer surface. As used herein, the term "nucleic acids, 
amino acids and saccharides, or polymers" includes natural and synthetic 
derivatives thereof. 

Exemplary biological molecules which can be attached to the PEO 

30 coated surfaces include proteins including enzymes and antibodies, lipids, 
and polysaccharides. As used herein, the term "protein" is defined as a 
polymer of two or more amino acids or amino acid derivatives, such as a 
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peptide, polypeptide or enzyme. The term "amino acid' as used herein 
includes amino acids and amino acid derivatives. In a further 
embodiment, at least two different biological molecules or polymers 
thereof may be covalemly attached to the tenninal hydroxyl groups on the 
5 PEO chams. lo produce a multiftinctional polymer coating on the surface 
For example, two different enzymes, or an enzyme and a polysaccharide 
may be attached to the PEO coating. 

Methods for activating the hydroxyl termini of PEO chains and 
then attaching a ligand, such as an antibody, to the termini are described 
in U.S. Patem Nos. 5,171,264 and 5.275,838. For example, the free 
hydroxyl groups can be activated with tresyl chloride and then reacted 
with a ligand that contains a free amino acid or thiol group to form a 
covalent linkage with the ligand. Hatris, J. Macromolecular Sci. Reviews 
in Macro. Chem. Phys., C25f3}:325-373 (1985). 
Applications 

The hydrophobic surfaces treated with monomers as disclosed 
herein to improve substantially the hydrophilicity of the surfaces, and 
ftirther reacted to include a poly(ethylene oxide) polymeric coatmg, can 
be used in a variety of applications. Materials forming, or coating, for 
example, membranes, prostheses, stents, catheters, sutures or polymeric 
materials, such as particles or beads can be coated to improve their 
hydrophilicity. 

The PEO polymer coatings can be used in a wide range of 
biomedical applications. The PEO coatings are biocompatible, non- 
thrombogenic and have excellent mechanical durability. Accordingly, the 
PEO coatings are useftil in biomedical applications for coating the 
surfaces of materials in which blood contact is required, such as in vivo 
vascular prostheses, angioplastic stents, cardiovascular sutures, metabolic 
support catheters, angioplastic balloon catheters, artificial hearts and 
ventricular assist devices. The coatings also may be used for ex vivo 
devices such as hemodialysis membranes and membranes for 
extracorporeal oxygenators. 
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The surface treated polymers, having improved hydrophiliciiy, 
thus may be used to coat or construct a variety of materials, such as 
particles, porous polymeric membranes, polymeric films and a range of 
biomedical devices to improve their hydrophilicity. 
5 The materials provided with derivatized PEO coaled surfaces may 

be used in a variety of biomedical applications. For example, the 
materials can be used to separate, purify and concentrate biological 
materials such as proteins, cells, antigens, antibodies or viruses by 
attaching an affinity ligand such as an antibody, antibody fragment, 
10 Protein A, or heparin- NHj to the coating using methods disclosed in U.S.- 
Patent No. 5,275,838 to Merrill. The derivatized coated surfaces also 
may be utilized in a variety of in vivo and ex vivo biomedical devices. 

In another embodiment, the hydrophilicity of gas permeable hard 
contact lenses can be improved by electron beam radiation grafting of the 
15 lens surface with an alkylacrylic acid such as methacrylic acid, and then 
of a poly (ethylene oxide) to the surface. Thus, the methods described 
herein can be used in a range of applications for improving the 
hydrophilicity and biocompatibility of hydrophobic polymer surfaces. 

The present invention will be further understood by reference to 
20 the following non-limiting examples. 

Equipment and Materials 

In the following examples. Electron Spectroscopy for Chemical 
Analysis (ESC A) was carried out on a Surface Science, Inc. SSX-100 
X-ray Photoelectron Spectrometer. Electron beams were generated by a 

25 3 million electron volt Van de Graaff generator (MIT High Voltage 

Research Laboratory). During the distribution of energy of the electron 
beam, the electron flux passed through 1.5 mm glass before striking the 
polymeric substrate material being irradiated and the solution with which 
this polymeric material was in contact. The effective dose applied to the 

30 polymer at its interface with the solution was thus within ± 10% of the 
intended dose, whether the polymer was on top of the solution (floating in 
some cases) or the polymer was underneath the solution. In the latter 
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case, the depth of the solution was maintained at not more than 2-3 mm. 
The object treated by radiation moved under the electron beam on an 
continuous beJt. therefore the total dose delivered was determined by the 
beam current in microamperes, the voltage (usually 2.5 to 3.0 million 
5 electron volts), the linear speed of the belt, and the number of times the 
object moved under the electron beam. Doses of electron beam 
irradiation are reported in megarads (1 million rads = 1 megarad). One 
rad of adsorbed dose corresponds to 100 ergs per gram of irradiated 
matter. The dose rate used was between 50 000 and 100 000 rads per 
second. The number of passes under the beam varied. Thus, for 
example, a total dose of 4.0 megarads could be ddivered m one pass, or 
in two passes of 2.0 megarads adsorbed dose in each pass, or in four 
passes of 1 .0 megarad adsorbed dose in each pass. 

In order to graft a monomer to a polymer in the examples below, 
the polymer sample was placed in a solution of monomer, and irradiated 
with a preselected dose of electron beam radiation. Solutions of 
monomers were made up volumetrically (volume/volume) with freshly 
filtered and deionized water from a MilliQ System (Millipore Corp., 
Bedford, Massachusetts). The monomer and polymer abbreviations 
defined in Table 1 are used in the examples. Thus, for example, 10% 
MA refers to a solution of 10 ml of methacrylic acid and 90 ml of water. 
Solutions of PEO (linear or star) were made up volumetrically - 
gravimetrically. Thus, 4% PEO refers to a water solution containing 4 
grams of PEO dissolved in water to yield a total volume of 100 ml. 
Solutions of PMA and PAA in water were formed similarly to the PEO 
solutions. After treatment of samples with radiation, the polymer sample 
was rinsed well with deionized water. In some cases, if the bathing 
solution, such as 30% NVP. had become particularly viscous, it was 
found necessary to rub the surface under a stream of water between 
gloved fingers. If a subsequem irradiation of the same sample under a 
different solution was plamied. the sample was air dried to remove water 
droplets, to prevent dilution of the new solution. 
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Example 1: Wettability of Polystyrene Surfaces 
after Radiation Grafting 

The wenability of polystyrene polymer surfaces after grafting of 
monomers to the surface by electron beam irradiation was tested using a 
variety of different monomers. A polystyrene sheet 1 .2 mm thick and 
one inch square obtained from Goodfellow Corp., Cambridge, England 
(LS 121125JH) was grafted with a series of different monomers (or 
polymer) using solutions formulated as described above. Grafting was 
conducted by placing the polymer in a solution of monomer, and 
irradiating the polymer with a preselected dose of electron beam radiation. 
The wettability of the grafted polymer then was tested using the following 
wettability test described as follows. 

Wettability Test 

To lest the wettability of both grafted and untreated polymer 
surfaces, the entire polymer surface was contacted with a fine stream of 
deionized water from a squirt bottle, and then the sample was allowed to 
drain. By this test, untreated hydrophobic polymers such as PST, 
PMMA, PVC, LDPE, PE-UHMW, PDMS AND SPU, shed the water 
film entirely, or only a few small residual spherical (sessile) droplets 
remained- "Excellent wettability^' in the test was defined as surfaces 
which were completely covered by a glistening film of water after 
application of a water stream. A source of illumination was provided in 
the test, to permit liquid water films to be observed as a mirror. 
Wettability defined as "good" indicates initial complete coverage by 
water, with subsequent slow retraction from the edges of the specimen 
toward the center. "Fair wenability" of a surface in the lest was defined 
as surfaces wherein, after application of the water stream, a liquid film 
forms over a matter of several seconds and retracts to flat puddles of 
significant area, but the puddles do not become sessile drops. "Poor 
wettability" in the test was defined as those surfaces which, after 
application of the water stream, shed most of the water, leaving puddles 
in about 1 to 2 seconds, however the puddles not become sessile drops. 
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■N„n.we„abil,,y- was found if U,e stream of wa,er from .he bo„le did no, 
create a c„mp,e,e film of wa.er on U,e surface, and U,e wa.er drains from 
.he surface in less ,han abou, a second leaving a few sessile drops or none 
at all. 

5 The results of lestmg the wettability of polystyrene grafted with 

MA are shown below in Table 2. 

Table 2: Polystyrene Surface Wettability Test Results 



15 



20 



25 



Solution 



Total Dose Number Wettability 
Megarads of Passes 



10 20% MA 0 



20% MA 4 -1 Good-Excellent 

. .. Excellent 

Grafting of the polystyrene with the following solutions gave poor 
or non-wettability: 10% MA irradiated with 1 megarad ("meg") or 4 
meg; 20% MA wiUi 1 meg; 10 % PMA with 2 meg; and 10 or 20% AA 
or 10% PAA wid, 2 meg. Thus, aciylic acid monomer (AA) did not 
enhance wettability of polystyrene under tfiese conditions, nor did the 
polymer solutions PMA and PAA. Monomer NVP (30% NVP at 2 meg) 
produces poor to fair wettability. In contrast, as illustrated in Table 2. 
treatment of polystyrene wiUi methacrylic acid monomer (MA) at a 
concentration of 20% using a dose of 2 meg produces a surface with good 
to excellent wettability, while die use of increased radiation of 4 meg 
produces a wettable surface widi excellent wettability. 

Example 2: Wettability of Poly(Methyl Methacrylate) 

Surfaces after Radiation Grafting 
A PMMA sheet 1.2 mm tfiick and one inch square, obtained from 
Goodfellow Corp.. Cambridge England, was submerged in a series of 
shallow monomer solutions and irradiated with an electron beam, and die 
wettability of the treated surfaces was tested, using d,e procedures 
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described in Example 1 . PMMA surfaces which were wenable were 
obtained using the grafting procedure as shown in Table 3. 



Table 3: 



PMMA Surface Wettabilitv Test Results 



Solution 



total Dose 
Megarads 



Number 
of Passes 



Wettability 



10 



10% MA 
10% MA 
20% MA 
20% MA 



20% 
30% 
10% 
20% 



MA 
NVP 

AA 10% MA 
AA 



1 
4 
1 
2 
4 
1 
1 
1 



Fair-Good 

Excellent 

Poor-Fair 

Fair-Good 

Excellent 

Good 

Fair-Good 

Poor-Fair 



The following conditions gave poor or non-wettability; 10% MA 
15 using a 1 meg dose; and 10% PMA or 10% AA at 2 meg. In contrast, 
the use of MA at concentrations 10% or greater and under radiation doses 
of 2 meg or more leads to a wetiable grafted layer of PMA on the PMMA 
surface. NVP at concentrations of 30% or more, with doses of 2 meg or 
more produces a wettable surface. Monomer A A is partially effective if 
20 mixed with MA, or at concentrations greater than 20%, but not as 
effective as MA alone. 

Example 3: Wettability of Polyethylene Surfaces after 

Radiation Grafting 
Sheets of LDPE, 0.25 mm thick, obtained from Goodfellow 
25 Corp., Cambridge England ( LS 105 455 JF) had the somewhat greasy 
feel of low density polyethylene. The sheets were grafted by electron 
beam radiation while in contact with a variety of shallow monomer 
solutions (2-3 mm depth), and the wettability of the grafted LDPE surface 
was tested. As shown in Table 4, LDPE polymer surfaces which were 
30 readily wettable were formed. 
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Tablf 4: Polyethylene Surface Wettability Test Results 



Solution Total Dose Number 

Megarads of Passes 



Wettability 



20% MA 2 . 1 c „ 

20% MA 4 I 

10% MA; 10% AA 2 ] 



4 Excellent 



Fair 



The following conditions gave poor or non-wetiability: 10% or 
20% AA at a 2 meg dose; 30% AA at a 4 meg dose; and 30% NVP at 2 
meg. In contrast, all LDPE samples treated with 20% MA had excellent 
wettability. These surfaces, when dry, feh glassy rather than greasy, and 
were difftisely reflecting. Thus MA is useful in improving the wettability 
of LDPE, whereas AA and NVP were not useftil under the conditions 
tested. 

To ascertain whether the effect of MA grafting is specific for 
15 LDPE, a 5 cm diameter sawn disc. 2 mm thick, of PE-UHMW, (Grade 
GUR 415, Hoechst Celanese), was exposed to a shallow (2-3 mm deep) 
layer of 20% MA under a dose of 4 megarad in 4 passes. The treated 
side had excellent wettability. When thoroughly dry, it fell glassy, rather 
than greasy, as had been observed for LDPE. Thus, reaction with MA is 
useftil for different forms of PE to produce a wetiable surface. 

Example 4: Wettability of Other Polymer Surfaces after 

Radiation Grafting 
A one inch square piece of Millipore hydrophilic poly(vinylidene 
fluoride) PVdjFj membrane (GVX, Millipore Corporation, Bedford. 
Massachusetts) was placed in a Petri dish and wet with 20% MA. then 
given a 2 megarad dose in one pass. The piece curled up with the duller 
side convex, the more shiny side concave, indicating strong grafting of 
PMA. Wettability was excellent. Jn contrast, similar treatment of a 
polysulfone (PES) membrane, (Millipore PES 0.2 urn membrane lot BM 
12 0392 C) or of PDMS (product SE30, General Electric, Schenectady, 
NY) did not produce a wettable surface. 
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A length of Tygon*^ lype clear tubing, containing about 50% 
plasiicizer: 50% PVC, 3/16" 0. D. x 1/8" I. D., was injected over a 
length of about 15 cm with a bolus of 20% MA , and given a dose of 4 
megarad in 4 passes. The bolus was then flushed out, and the tube rinsed 

5 with deionized water. It was found that by running boluses of water 
through the entire tube, the bolus had a more concave meniscus in the 
irradiated section than in the non-treated section, indicating improved 
wettability and therefore some grafting of MA to form polymerized and 
grafted MA. Poly (vinyl chloride) (PVC) powder, obtained from Pechiney 

!0 St. Gobain (mass polymerized grade Rucon® B34), was pressed into a 1 
mm thick sheet in a Carver Press under a pressure of 10 000 psi at 125* 
(above Tg but below Tm). A piece (about 1 inch square) in a solution of 
20% MA was irradiated with 2 meg in one pass. The irradiated piece 
became tan, and the surface in contact with MA solution became wettable 

15 (excellent wettability). In contrast, the untreated PVC was non-wettable. 
These results indicate that MA is concurrently grafted to PVC and 
polymerized, to form a hydrophilic surface which can adsorb hydrophilic 
molecules such as PEO. 

Example 5: Assessment of Hydrophilicity of Surfaces Grafted 

20 with Monomers and PEO 

The ability of different grafted polymer surfaces to interact with 
and adsorb PEO molecules was tested by examining adhesion of PEO 
hydrogels to the surface. This assay is based on the observation that 
solutions in water of high molecular weight PEO, at concentration of 2% 

25 or more, of molecular weights 1 million or more, mm into networks 

(hydrogels) when exposed to electron irradiation in excess of about 0.5 to 
1 megarad. These hydrogels thereby have a definite tensile, compressive, 
or shear modules. If the PEO solution is irradiated between or against a 
non-adsorbing surface, the hydrogel can be cleanly and easily removed in 

30 its entirety without fracture. If on the other hand, the PEO solution is 
contained by a surface which adsorbs PEO molecules, the results of the 
radiation will be to create a hydrogel layer which cannot be removed from 
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the surface except by severe mechanical force, such as razor blade 
scrap,ng ,f the hydrogel layer ts fot^ed from PEO solution contained 
between two adsorbing surfaces, the hydrogel wi„ become split cohesively 
leavmg pan on each surface. 
^ LDPESurfaces 

Three LDPE sheets (about 1 inch square and 0.25 mm thick) 
obtained from Goodfellow Corp., Cambridge, England ( LS 105 455 JF) 
were grafted by exposure to (a) 30% NVP. (b) 20% MA, or (c) 10% MA 
/10% AA under a total dose of 2 meg in one pass. Each sheet was 
thoroughly rinsed with deionized water ,o remove the polymenc solution 
A 4% PEO solution (M = 1 x 10*) then was layered over the treated 
surfaces of (a), (b), and (c) m appropriate depth ( ~ 2 mm) and the 
specunens were exposed agam to 2 megarads in one pass. This caused 
the PEO solution to form a hydrogel in contact with the treated surface 
The hydrogel cleanly separated from (a), was tenaciously adhered to (b) 
so that it could not removed by shear without cntmbling, and adhered in 
pan to (c). 

Thus, grafting MA on an otherwise non-binding LDPE surface causes the 
surface to tenaciously adsorb PEO, so that when it is cross-linked 
subsequently, the hydrogel is covalently bonded to the LDPE suppon In 
contrast, exposure to NVP and subsequent irradiation did not render the 
LDPE hydrophilic. 

PolVPropvlen e Surfari>Q 

In a another evaluation of PEO hydrogel adhesion, thin layers 
(approximately 1 mm deep) of water solutions of the monomer NVP 
(50%), AA (20%). MA (20%) or HEMA (50%) were irradiated with 
electron beam imdiation to between 2 and 10 megarads in polypropylene 
dishes (Fluoroware Inc.. Chaska. MN, Cat #H22-20-06]5). Even after a 
radiation dose of 10 megarad, the 20% MA solution was still fluid while 
the others had become firm crosslinked hydrogels. Upon pourin. out the 
non-gelled MA solution and rinsing the polypropylene dish, the surface 
which had contained the MA solution was completely wettable. thus 
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indicating that the MA solution irradiated in coniaci with polypropylene 
renders it water wettable. On the treated surfaces was poured about a 1 
mm deep layer of 2% PEO solution (M^, ^ 5 x 10") and then the surfaces 
were given 2 meg of electron beam irradiation. In the untreated 
5 Fluoroware® dishes, the PEO hydrogel fell off, and no adhesion was 

observed. In the MA treated Fluoroware® dishes, the PEO hydrogel was 
strongly grafted, and crumbled under shear applied by razor scraping, 
leaving residue on dish. The PEO hydrogel sheared off the PVP hydrogel 
leaving a sticky PVP surface, and the PVP hydrogel sheared off the PP 
10 dish, leaving it hydrophobic. The PEO hydrogel also sheared off the 

PAA hydrogel, and the PAA hydrogel sheared off the PP dish, leaving it 
hydrophobic. The PEO hydrogel adhered strongly to the PHEMA 
hydrogel, which adhered strongly the PP dish, and when sheared off, the 
dish was hydrophilic. Thus, irradiation of a solution of HEMA in water 
15 on the surface rendered the PP surface wettable and strongly bonded the 
PEO hydrogel. 

LDPE and PVC-AC grafted with HEMA 
To demonstrate the efficiency of HEMA solutions in rendering 
hydrophobic polymers hydrophilic, sheets (approximately 1 inch square) 
20 of LDPE (Goodfellow Corp., Cambridge, England) and of 

polyvinylchloride acetate copolymer (PVC-AC) were exposed to 20%, 
30%, 40%, or 50% HEMA (w/v) in water in 2-3 nun deep layers, and 
given electron beam radiation doses of 2 and 4 megarads. Under all 
conditions of concentration and dose, the surfaces were rendered 
25 hydrophilic. HEMA thus is useful in forming a wettable surface, 

although upon rinsing of the excess with water, it forms a gum which 
must be removed by rubbing. The binding of the PHEMA surface to 
PEO was demonstrated by placing a LDPE sheet, underside grafted with 
PHEMA, on top of a solution of 4% (5 x 10^ mol. wi.) (w/v) PEO, and 
30 giving the surface a dose of 2 megarad, to turn the PEO layer into a 
hydrogel. Upon prying off the LDPE sheet, this hydrogel split 
cohesively, showing ver>' strong bonding to the PHEMA surface. 
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Example 6: Fabrication of a PEO coating on a PETE surface. 
A covalent coaling of linear PEO (mol. wi. 35,000) (Fluka, 
Ronsonkoma, NY) was fabricated on poly(ethylene lerephthalaie) 
("PETE") sheets (about one inch square, Goodfellow Corp., Cambridge, 
England). The surface firsi was submerged in a 10% (w/v) water 
solution of methacrylic acid. The surface then was exposed to electron 
beam irradiation on the order of about 2 megarads. 

Following rinsing, the surface now readily wet by water was 
soaked in a solution containing 5% (w/v) PEO in water for 5 minutes, to 
complex the PEO to the grafted poly(methacrylic acid) molecules. After 
draining off the PEO solution, but not thoroughly rinsing the surface, it 
was re-exposed to electron irradiation (2 megarads), to covalently graft 
PEO to the poIy(methacrylic acid) grafted surface, and to crosslink the 
PEO. The surface was then rinsed with deionized water. 

By electron spectroscopy for chemical analysis ("ESCA"), using 
an X-ray photoelectron spectrometer ("XPS"), the top 30A to 50A of the 
dry coating detected was only PEO, since only the signature for the ether 
carbon (-c-o-c-) was detected. In contrast, the support (PETE) shows the 
carbon signatures of aromatic carbon (PETE) ether carbon (PETE) and 
carboxyl carbon (PETE). The PETE thus treated with PEO was readily 
wet by water and held a film of water tenaciously ("excellent 
wettability"). 

Example 7: Fabrication of a PEO coating on a PMMA 
surface. 

A PEO coaling was fabricated on a poly(methylmethacrylate) 
("PMMA") substrate surface (one inch square) according to the procedure 
as generally described in Example 6. PEO coated surfaces were obtained 
wherein the PEO coating completely covers the surface. By electron 
spectroscopy for chemical analysis ("ESCA"), using an X-ray 
photoelectron spectrometer, the top 30A to 50A of the coaling detected is 
only PEO, since only the signature for the ether carbon (-c-o-c-) is 
detected. In contrast, the support (PMMA) shows the carbon signatures 
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of alkane carbon (PMMA) and carboxyl carbon (PMMA). The coaled 
surface is readily wet by water and holds a film of water tenaciously. 

The procedure was conducted using two concentrations, 10 or 20% 
(w/v) of methacrylic acid ("MA"). The PMMA material was first 
5 immersed in an aqueous solution of 10 or 20 % w/v methacrylic acid in a 
glass peiri dish with a glass cover, and then exposed in the solution to an 
electron beam for a total dosage of 2 megarads, thereby polymerizing and 
grafting the methacrylic acid to the substrate surface. The materials were 
then rinsed thoroughly in water, immersed in a 5 % w/v aqueous solution 

10 of PEO (mol. wt. 35,000 g/mol), removed allowing excess solution to 
drip from the sample, placed in clean glass petri dishes and covered with 
the petri dish cover, and exposed to electron beam irradiation for a total 
dosage of 2 megarads. For PMMA, the 10% MA solution is preferred. 
No loss of wettability was observed when substrate samples, after 

15 exposure to the e-beam in MA solution, were placed in water for 5 days 
(using 0.04 wt. % sodium azide as bacieriostat). 

After the second electron beam irradiation, the PEO was grafted 
onto the substrate, and a hydrogel layer forms between the substrate and 
the glass petri dish. The hydrogel was strongly attached to the surface of 

20 the substrate. In samples that were exposed to the electron beam in only 
water (no MA), and then electron-beamed again after being immersed in 
the same PEO solution, the hydrogel layer generally peeled cleanly away 
from the substrate. In contrast, hydrogels formed on the samples that 
were treated with MA could not be cleanly scraped from the surface. In 

25 addition, XPS high resolution carbon Is scans clearly show the presence 
of PEO on the surface, after scraping excess hydrogel from the surface. 

The hydrogen bonding between the MA on the surface and the 
PEO provides a close association of the PEO to the surface such that the 
PEO can be grafted to the substrate. This hydrogen bonding is broken if 

30 the solution is made even slightly basic such that a cation, such as Na^ 
associates with the acid. To test the stability of the PEO layer, PEO- 
grafted samples were immersed in a 1 mM NaOH aqueous solution, pH 
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10.6, for 72 hours (using 0.04 wt. % sodium azide as bacteriostat). The 
samples were then rinsed thoroughly in water. The PEO hydrogel layer 
could still be clearly seen unchanged on the sample, and PEO remains 
easily detected in an XPS scan. 

Example 8: Fabrication of a PEO Coating on a Polystyrene 
Surface. 

A PEO coaling was fabricated on the surface of a 1 inch square 
piece of polystyrene sheet (Goodfellow Corp., Cambridge, UK) according 
to the procedure generally described in Example 6. PEO coated surfaces 
were obtained wherein the PEO coating completely covers the surface. 

In the procedure," two concentrations, 10 and 20% (w/v) of 
methacrylic acid were utilized. The substrate was disposed in the solution 
in a glass petri dish with a glass cover and then was exposed to an 
electron beam for a total dosage of 2 megarads, thereby polymerizing and 
15 grafting the methacrylic acid to the substrate surface. The materials then 
were rinsed thoroughly in water, immersed in a 5% (w/v) aqueous 
solution of PEO (mol. wt. 35,000 g/mol), removed allowing excess 
solution to drip from the sample, placed in clean glass petri dishes and 
covered with the petri dish cover, and exposed to the electron beam for a 
20 total dosage of 2 megarads. The 20% MA solution was preferred. 

Despite the fact that both MA solutions produce a surface that is ftilly 
wettable, XPS high resolution carbon Is scans show a much greater 
presence of MA on samples e-beamed in the 20% MA solution. No loss 
of wettability was observed when substrate samples, after exposure to the 
25 e-beam in MA solution, were placed in water for 5 days (using 0.04 wt. 
% sodium azide as bacteriostat). 

After the second electron beaming, PEO was grafted onto the 
substrate, forming a hydrogel bound to the substrate. In samples that 
were exposed to the e-beam in only water (no MA), and then e-beamed 
30 again after being immersed in the same PEO solution, the hydrogel layer 
that forms between the sample and the dish generally peeled cleanly away 
from the substrate, remaining ftilly on the glass petri dish. In contrast. 
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hydrogels formed on the samples that were treated with MA could not be 
cleanly scraped from the surface after scraping. In addition, XPS high 
resolution carbon Is scans clearly showed the presence of PEO on the 
surface. The hydrogen bonding between the MA on the polystyrene 
surface and the PEO provides a close association of the PEO to the 
surface such that a high density of PEO molecules can be grafted to the 
substrate. 

Example 9: Assay of PEO binding to Surface by XPS/ESCA. 

The strength of binding of PEO coatings to MA-grafted polymer 
surfaces was tested. Methacrylic acid (MA) monomer was grafted to the 
polymer substrate via electron beam irradiation. The polymer was rinsed 
with water, thus washing off any unbound monomer, and placed in 
contact with an aqueous solution of PEO where the PEO hydrogen bonds 
with the acid moieties on the substrate surface. The samples then were 
rinsed or drained of excess solution, depending on whether a monolayer 
or multilayer of PEO was desired, and re-exposed to an electron beam, 
thus cross-linking the PEO and grafting it to the substrate surface. 
Binding of PEO to the grafted surface was assessed through chemical 
characterization by XPS/ESCA. A Surfaces Sciences, Inc. SSX-100 
X-ray Photoelectron Spectroscope was used to determine overall atomic 
composition of the surface (to a depth of about 5 nm (50 A)). In general, 
any atom which lies more than 10 nm (100 A) below the surface exposed 
to XPS/ESCA will not emit a detectable electron signal. Thus, if a layer 
of grafted poly(ethyIene oxide) PEO is greater than 10 nm in thickness, 
the only signals observed in the survey scan will be those of carbon and 
oxygen in the atomic ratio 2:1, and in the detailed carbon spectra the only 
signal (a single peak) will be that corresponding to ether carbon. 
LDPE Grafted with MA 

The MA treated LDPE material, after exposure to a solution of 
PEO (1x10* M, 4% w/v), and rinsing with water to wash off any non- 
hydrogen-bonded PEO molecules, by XPS high resolution scan, showed a 
significant increase in the C-0 peak area and subsequent drop in the C-C 



wo 97/]89(»4 

FC17US9e)/1779() 

-26- 

an- C,0,0 pea. area. ,™ „e,r co„uib.,„„ ,o u,e ,„,a, carbon pea. area, 
^.s ,n ,ca„„, ,be prese^e of PEO on u,e surface. After rinsin, ,„ , M 
NaOH or several n,i„„,e.. „e XPS re.o,u.i„„ carbon scan appeared 

PS erafteri with and PRO 

Holj-styrena (PS) grafted by eleciron radiarton wi,h MA and with a 
mn , .layer or PEO, «s placed in a , n^M NaOH s„,„,l„„, p„ ,0.6. for 
h«,.. and U,en rinsed ,ho,o„g^,, „3,er The XPS high .solution 
carbon ' for .he con,r„, piece of PS wid, M A and a U,i„ hvdroge, 
Of PEO graced =0 .V surface had a dominan, C-0 peak, clearly showng 

ihe abundance of PEO on ihe surface it,„ t> 1, • , 

mesunace. After 72 hours in basic solulion, 
PEO was still presem, as shown in .he XPS high resoluiion scan ,„ 
a„oU,er .es., a .hick PEO hydroge. was grafted on.o a MA grafted PS 
surface, ,hen was mechamcally scraped a, 0,e surface wi,h fla.-head 
.wee^ers. and ,he excess gel was scraped off .he sample, XPS scan 
Showed ,ha, a sigrtficam layer of PEG still remained „„ the surface 
demonstrating th.t i. could no, be completely scraped off «,e sample, as 
does result if meUtacrylfc acid is no, first gtafted to the surface This 
sample was to placed in 0.5 mola, NaOH for 10 min„,es and rinsed 
w,,h wa,er for anoto 5 mi™„es and once again analyzed in .he XPS 
TT..S las, tream^em, as indicated by XPS high resolution scan, still did no, 
dislodge die PEO off Ule surface. 

Thus, PEO layers can be obtained which ai^ strongly, covalently 
bound ,0 Uie MA-grafted polymer surface which are not readily removed 
by strong base, mechanical abrasion, or excessive washing in water. 
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What is claimed is: 

1 A method for the fabrication of a hydrophilic coaling on the 
surface of a hydrophobic material, the method comprising: 

a) contacting the surface of a hydrophobic material with a 
monomer comprising an unsaturated group which is capable of reacting 
with the surface to enhance the hydrophilicity of the surface; 

b) reacting the monomer with the surface, thereby to enhance 
the hydrophilicity of the surface; and 

c) attaching poly(eihylene oxide) molecules to the hydrophilic 
_ surface of the support material, after step b), thereby to form a 

poly(ethylene oxide) coaling on the surface. 

2. The method of claim 1 wherein, in step b), the monomer is 
reacted with the surface by irradiation with an electron beam. 

3. The method of claim 2 wherein the monomer is covalently 
reacted with the surface and polymerized to form a coaling on the 
surface, in step b). 

4. The method of claim 2 wherein the monomer is a selected 
from the group consisting of methacrylic acid, monovalent metal salts of 
methacrylic acid, methacryloyl chloride, acrylic acid, monovalent salts of 
acrylic acid, acryloyl chloride, hydroxyethyl methacrylate, glycidyl 
methacrylate, hydroxyethyl acrylaie, and hydroxypropyl acrylate. 

5. The method of claim 4 wherein the monomer is methacrylic 

acid. 

6. The method of claim 1 wherein the hydrophobic surface 
comprises a polymer selected from the group consisting of polyalkylenes, 
polyarylalkylenes, polyvinyls, poly(allc>'l methacrylaies), poly(alkylene 
terephthalates), polydiolefins, polysiloxanes and polyurethanes. 

7. The method of claim 1 wherein the surface comprises a 
polymer selected from the group consisting of polyethylene, 
polypropylene, poly(methyl methacrylate), poly(vinyl chloride), 
poly(vinylidene 
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fluoride), po]y(ethylene terephthalate), and polystyrene. 

8. The method of claim 7 wherein the polyethylene (PE) is 
selected from the group consisting of high density PE, low density PE, 
ultra high molecular weight PE and PE copolymers. 

9. The method of claim 1 wherein the surface comprises a 
polymer selected from the group consisting of polybutadiene, 
polyisoprene, copolymers of isoprene, copolymers of butadiene, silicone 
rubber, segmented poiyurethane and plasticized polyvinylchJoride. 

10. The method of claim 1 wherein step c) comprises: 

i) contacting the surface with poly(ethylene oxide) molecules 
thereby to adsorb the poly(ethylene oxide) molecules to the 
surface; 

ii) removing poIy(ethylene oxide) molecules which are not 
adsorbed to the surface, thereby to leave essentially a monolayer 
of poly(ethylene oxide) molecules adsorbed on the surface; and 

iii) covalently grafting the poly(ethylene oxide) to the surface, 
thereby to form essentially a monolayer of the poly(ethylene) oxide 
on the surface. 

11. The method of claim 1 wherein step c) comprises: 

i) contacting the surface with poly{ethylene oxide) molecules, 
thereby to adsorb the poly(ethylene oxide) molecules to the 
surface; 

ii) removing a portion of the poly(ethylene oxide) molecules 
which are not adsorbed to the surface thereby to leave a multilayer 
of poly(ethylene oxide) molecules on the surface; and 

iii) covalently grafting the poly(ethylene oxide) molecules to 
the surface, thereby to foim a thin multilayer film of poly(ethylene 
oxide) on the surface. 

12. The method of claim 10 or 11 wherein the poly(ethylene 
oxide) molecules are covalently grafted to the surface by irradiation of the 
poly(ethylene oxide) molecules on the surface with an electron beam. 
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13. The method of claim 12 wherein the hydrophobic maierial 
is a gas permeable hard contact lens. 

14. The method of claim 13 wherein the monomer is 
methacrylic acid. 

15. The method of claim 1 wherein the hydrophobic material is 
selected from the group consisting of membranes, prostheses, stents, 
sutures, catheters, artificial heans, ventricular assist devices, polymeric 
panicles, and polymeric films or a coaling thereon. 

16. The method of claim 10 or 11 wherein the PEO is selected 
from the group consisting of linear PEO, polyethylene glycol and a PEO 
star macromolecule. 

17. The method of claim 16 wherein the PEO is a linear PEO 
with a molecular weight between about 1000 and 5,000,000 daltons. 

18. The method of claim 16 further comprising covalenily 
attaching terminal PEO hydroxyl groups on the surface to at least one 
biological molecule or polymer thereof. 

19. The method of claim 11 wherein the PEO multilayer film, 
formed in step iii), is on the order of about 0.1 to 100 ^m thick when in 
contact with water. 

20. The method of claim 11 wherein the poly(ethylene oxide), 
contacted with the surface in step i), has a molecule weight of one million 
or greater. 

21. A hydrophobic material comprising a hydrophilic coating 
on a surface thereof, wherein the hydrophilic coating comprises a first 
layer of monomers comprising an unsaturated group covalently grafted to 
the surface and at least partially polymerized, and a second layer of 
poly(ethylene oxide) ("PEO") molecules grafted to the first layer. 

22. The material of claim 21 wherein the first and second 
layers are grafted to the surface by irradiation with an electron beam. 
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23. The material of clam 21 wherein the monomer grafted lo 
the surface and at least partially polymerized is selected from the group 
consisting of methacrylic acid, monovalem metal salts of methacrylic 
acid, methact^loyl chloride, acrylic acid, monovalem salts of acn'lic acid 
acryloyl chloride, hydroxyethyl meihaciylate, glycidyl methacrylate, 
hydroxyethyl acrylate, and hydroxypropyl acrylate. 

24. The material of claim 21 wherem the hydrophobic surface 
comprises a polymer selected from the group consisting of polyalkylenes 
polyarylalkylenes, polyvinyls, poIy(alkyl methaco'Iates). .poly(alkvIene 
terephthalates), polydioleflns, polysiloxanes and polyureihanes. 

25. The material of claim 21 wherem the surface comprises a 
polymer selected from the group consisting of polyethylene, 
polypropylene. poly(methyl methacrylate), poly(vinyl chloride). 
poly(vinylidene fluoride), poly(ethylene lerephthalate). and polystyrene. 

26. The material of claim 25 wherein the polyethylene (PE) is 
selected from the group consisting of high density PE, low density PE, 
ultra high molecular weight PE, and PE copolymers. 

27. The material of claim 2] wherein the surface comprises a 
polymer selected from the group consisting of polybutadiene. copolymers 
of butadiene, polyisoprene, copolymers of isoprene, silicone rubber, 
segmented polyurethane and plasticized polyvinylchloride. 

28. The material of claim 21 wherein the material is a gas 
permeable hard contact lens. 

29. The material of claim 21 wherein the monomer is 
methacrylic acid. 

30. The material of claim 21 selected from the group consisting 
of membranes, prostheses, stents, sutures, catheters, artificial hearts, 
ventricular assist devices, polymeric particles, and polymeric ftlms or a 
coating thereon. 
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31 . The maierial of claim 21 wherein the PEO is selecied from 
the group consisting of linear PEO, polyethylene glycol, and a PEO star 
macromolecule. 

32. The material of claim 31 further comprising al least one 
biological molecule or polymer thereof covalenily attached to terminal 
hydroxy! groups on the PEO coating. 

33. The material of claim 31 wherein the poly(ethylene oxide) 
coating is on the order of about 0,1 and 100 ^m thick when in contact 
with water. 

34. The maierial of claim 2) wherein the layer of PEO 
molecules is essentially a monolayer. 

35. The material of claim 21 wherein the layer of PEO 
molecules is a multilayer film. 



wo 97/1 S90^ 

-3p. PCT/US96/1779(J 

i A method for fabrication a maierial comprismg a 
hydrophilic coating on a hydrophobic surface, comprising: 

a) poJymerizmg and covalemly grafting monomers comprising 
an unsaturaied group ,o a hydrophobic surface to form a hydrophilic layer 
on the surface 

b) adsorbing polyethylene oxide molecules to the hydrophilic 
layer, and 

c) covalemly grafting the polyethylene oxide molecules to the 
hydrophilic layer. 

2. The method of claim 1 wherein the monomers are grafted 
CO the hydrophobic surface by irradiation with an electron beam. 

3. The method of claim ] wherein the polyethylene oxide is 
grafted onto the hydrophilic layer by irradiation with an electron beam. 

4. The method of claim ] wherein the monomers grafted to 
the hydrophobic surface are selected from the group consisting of 
methacrylic acid, monovalent metal salts of methacrylic acid, 
methaco^loyl chloride, acrylic acid, monovalent salts of aciyiic acid 
acryloyl chloride, hydroxyethyl methaci^late, glycidyl methaciylate,' 
hydroxyethyl acrylaie, and hydroxypropyl acrylate. 

5. The method of claim 4 wherein the monomer is methacrylic 



acid. 

6 



The method of claim 1 wherein the hydrophobic surface 
comprises a polymer selected from the group consisting of polyalkvlenes, 
polyarylalkylenes, polyvinyls. po]y(alky] methaco'lates), poly(alkylene 
lerephthalates), polydiolef.ns, polysiloxanes and polyurethanes. 

7. The method of claim 1 wherein the surf^ace comprises a 
polymer selected from the group consisting of polyethylene, 
polypropylene. poly(methyl methacrylate). poly(vinyl chloride), 
poly(vinylidene ftuoride). poly(ethylene lerephthalate), and polystyrene. 
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8. The method of claim '7 wherein the polyethylene (PE) is 
selected from the group consisting of high density PE, low density PE, 
ultra high molecular weight PE and PE copolymers. 

9. The method of claim 1 wherein the hydrophobic surface 
comprises a polymer selected from the group consisting of polybutadiene, 
polyisoprene, copolymers of isoprene, copolymers of butadiene, silicone 
rubber, segmented polyurethane and plasticized polyvinylchloride. 

10. The method of claim 1 wherein step b) comprises: 

i) contacting the hydrophilic layer with poly(ethylene 
oxide) molecules thereby to adsorb the poly(ethylene oxide) 
molecules to the surface; and 

ii) removing poly(eihylene oxide) molecules which are 
not adsorbed to the hydrophilic layer, to leave essentially a 
monolayer of poly(ethylene oxide) molecules adsorbed on the 

hydrophilic layer; and 
wherein step c) comprises covakntly grafting the poly(ethylene 
oxide) to the hydrophilic layer to form essentially a monolayer of the 
poly (ethylene) oxide on the surface. 

11. The method of claim 1 wherein step c) comprises: 

i) contacting the hydrophilic layer with poly(ethylene 
oxide) molecules to adsorb the poly(ethylene oxide) molecules to 
the hydrophilic layer; and 

ii) removing a portion of the poly(ethylene oxide) 
molecules which are not adsorbed to the hydrophilic layer to leave 
a multilayer of poly(ethylene oxide) molecules on the hydrophilic 

layer; and 

wherein step c) comprises covalenily grafting the poly(ethylene . 
oxide) molecules to the hydrophilic layer to form a thin multilayer film of 
poly(ethylene oxide) on the hydrophilic layer. 
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12 The method of claim 10 or ] ] wherein the poly(eihvlene 
oxide) molecules are covalently grafted to the hydrophilic layer by 
.rradiation of the poly(ethylene oxide) molecules on the surface with an 
electron beam. 

13. The method of claim 12 wherein the hydrophobic material 
IS a gas permeable hard contact lens. 

14. The method of claim 13 wherein the monomer is 

meihacrylic acid. 

15. The method of claim 1 wherein the hydrophobic surface is 
the surface of a device selected from the group consisting of membranes 
prostheses, stems, s.rares, catheters, anificial heans, ventricular assist 
devices, polymeric particles, and polymeric films or a coating thereon. 

16. The method of claim 10 or 1 ] wherein the polyethylene 
oxide is selected from the group consisting of linear polyethylene oxide, 
polyethylene glycol and a polyethylene oxide star macromolecule. 

17. The method of claim 16 wherein the polyethylene glycol is 
a linear polyethylene oxide with a molecular weight between about 1000 
and 5,000,000 daltons. 

18. The method of claim 1 6 further comprising covalently 
attaching terminal polyethylene oxide hydroxyl groups on the surface to at 
least one biological molecule or polymer thereof. 

19. The method of claim 1 1 wherein the polyethylene oxide 
multilayer film, formed in step c). is on the order of about 0. 1 to 100 
thick when in contact with water. 

20. The method of claim 1 ] wherein the polyethylene oxide, 
contacted with the surface in step i), has a molecular weight of one 
million or greater. 

21 A material fomied by the method of any of claims 1-20. 
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